Combining graphene with plasmonics is expected to lead to new nanoscale applications such as sensors, photodetectors, and optical circuits, since graphene plasmons in the infrared have relatively low losses and are easily tunable. It was shown that the edges of a graphene sheet completely reflect these plasmons with negligible radiation losses. Here, however, we examine structured graphene edges, which provide the ability to tailor and even completely cancel the reflection. These properties depend on the suitable dimensions of the edge grating. We explain the reflection modulation via the appearance of longitudinal Fabry-Perot type modes. Already known for its fascinating electron transport properties [1], graphene is also widely studied in photonics for strong light-mater interactions [2, 3] . Although the optical properties are rather invariant in the visible range (a constant 2.3% of the light is absorbed [4]), they are very suitable for applications in the infrared range [5] . At these frequencies graphene sustains plasmons, which are collective oscillations of electrons that confine electromagnetic waves to deeply sub-wavelength regimes. Compared to noble-metal plasmons (or plasmon polaritons), graphene plasmons (GPs) are considered more strongly confined and propagate over a relatively longer distance [6] .
Moreover, GPs were experimentally mapped in tip-shaped graphene sheets [22, 23] . A near-total reflection of GPs at the edge of the sheet, with negligible radiation losses, was observed. Precise theoretical studies indicated a nontrivial phase shift upon reflection of φ r 0.85 rad [24] (with e −jφ r convention), largely independent on wavelength and doping level.
Here we numerically show that a patterned graphene edge can strongly tailor and even completely cancel the reflection, in strong contrast with the unpatterned edge. We demonstrate that this modulation arises from coupling with Fabry-Perot cavities formed by ribbon GPs in the longitudinal direction. Interesting features appear when there is interaction with lateral resonances via edge modes [19] . A strong coupling with these edge modes at patterned interfaces needs to be considered for graphene infrared applications.
The particular pattern we study ( Fig. 1) is a grating in a semiinfinite free-standing sheet in air, that is described as a ribbon array with elements of length l , width w, and period p. This can be experimentally realized via chemical vapor deposition [22] or electron-beam lithography [25] . The grating is excited via an in-plane GP, perpendicular to the edge (incidence along y-axis, Fig. 1 ).
For this problem, full 3D calculations are needed, which we performed with COMSOL, a commercial finite elementbased software package. A single period is simulated, delimited by perfect magnetic boundaries in the x-direction, with Perfectly Matched Layers on the z-and y-boundaries in order to account for radiation losses. Graphene optical properties are defined by the Kubo Formula [26, 27] at free-space wavelength λ 0 10 μm, with doping level E F 1 eV and scattering lifetime of electrons τ g 0.16 ps. The graphene permittivity for an effective thickness of t 2 nm is then ε −185 − 6.4i (a typical approach to accurately model the very thin sheet), and the corresponding plasmon effective wavelength is λ p 1.16 μm.
Note that the results are very similar for a different doping and wavelength if the structural parameters are scaled with the plasmon wavelength of the graphene sheet, so the conclusions are more general.
The reflectance of an in-plane plasmon mode perpendicularly incident on the grating constitutes our main result (Fig. 2) , as we observe a rich characteristic in function of the ribbon length l (normalized to λ p ) and width w (normalized to the period p). The reflectance here is the power returned into the counter-propagating plasmon mode (excluding the losses in the incident section), as we fixed p 0.95λ p , so there is no diffraction toward other directions. If the graphene edge was unstructured, it would give total reflectance, whereas now zones with near-zero reflectance appear (blue zones), which means near-complete absorption as the radiation losses remain very small. In the following we explain these features through models that are as compact as possible.
The considered structure ( Fig. 1) can be viewed as a graphene sheet connected with a finite graphene ribbon grating (GRG) of length l . The reflectance dips appear when the plasmon is trapped in the grating: a GRG mode is reflected back and forth with internally constructive interference. This FabryPerot (FP) resonance condition is 2Rfβgl φ r 21 φ r 23 2mπ;
(1)
where Rfβg is the real part of the propagation constant of the (fundamental and only) GRG plasmonic mode, φ r 21 and φ r 23 are the reflection phases for the fundamental mode at the two different interfaces of the GRG cavity, and m is an integer. Upon calculating Rfβg, φ r 21 , and φ r 23 (through separate simulations), we can represent the first three orders with white lines in Fig. 2 . The single-mode description agrees well with the full-structure simulation results, with deviations mainly for widths w > 0.7p that increase for smaller lengths l . Indeed, at the interfaces, evanescent modes are generated (similar to metallic edges [28] ), and they are expected to have a larger influence for short cavities (small l ) and larger w (better match with edge mode, discussed below). Note that the complex modal reflection (or transmission) is written following the convention r ij ffiffiffiffiffi ffi R ij p e −jφ r ij . We are now in a position to analyze the behavior of the resonances in more detail, using as few parameters as possible, amongst others via the parameters of Eq. (1). Figure 3(a) represents the real part of the effective refractive index (Rfn eff g) of the fundamental GRG mode (blue line) as a function of the ribbon width w (where β 2πn eff ∕λ 0 ). This mode (which builds up the resonance in the GRG) is highly confined (large n eff ) for narrow ribbons, while for wider ribbons, the mode ultimately reaches the index of a pristine graphene sheet plasmon (red dashed line). If not embedded in a grating (single ribbon, black dashed line), the dispersion of the fundamental mode approaches the edge mode dispersion (green dashed line). Note that they dissociate at w ≈ 0.7p when the ribbon modes in the GRG start to interact with their neighbors via the edge modes (edge mode and GRG dispersion crossing). These edge modes will play an important role in our description.
The phases in Eq.
(1) have a direct influence on the modelled resonances (white lines in Fig. 2 ). Fig. 2 ). They are both connected to a strong coupling with lateral (x-direction) FP resonances via edge modes (discussed below). The variation in the reflection phase [29] of the GRG at w 0.75p (φ r 23 ) characterizes another lateral FP-cavity resonance at the end of the GRG (into air, see below). Note that φ r 23 tends to the value 0.85 rad for a straight edge (w∕p 1).
Finally, Fig. 3(d) shows the transmittance and reflectance from GRG to a graphene sheet (T 21 and R 21 ) and the reflectance at the end of the grating (R 23 ), see Fig. 3(c) . By reciprocity T 12 T 21 , so T 21 (red line) also applies for transmittance from graphene sheet to GRG.
We also calculated the average of the magnetic field z-component at the lateral edges of the sheet-grating interface [ Fig. 3(d) , green-dot line, right axis]. At this interface only part of the energy stays in the y-directed longitudinally propagating modes (R 21 T 21 < 1). With negligible radiation losses and without other longitudinally propagating modes, the remaining energy flows toward evanescent modes, determined as c e 1 − R 21 − T 21 [green line, Fig. 3(d) ]. The evanescent contribution c e mainly corresponds to the edge mode, propagating in the lateral x-direction [19] [sketched in Fig. 3(c) ]. This is correlated with the averaged edge magnetic field [green line and dots in Fig. 3 the excitation. At the other end of the grating (to air), a similar edge mode lateral FP resonance at the end of the ribbons is responsible for the R 23 reflectance dip around w 0.75p [black dashed line, Fig. 3(d) ]. Now we have the elements to understand the complete structure. The first-order (lateral) resonance [ Fig. 4(b) ] is responsible for the disappearance of the (longitudinal) FP modes around w 0.7p in Fig. 2 (a band of higher reflectance appears, in between low reflectance zones). Indeed, in Fig. 3(d) , the transmittance T 21 falls to nearly zero, while edge mode coupling reaches 40%, which weakens the GRG cavity mode. Note that this particular width w 0.7p corresponds with the crossing point of the edge mode and the grating ribbon dispersion [ Fig. 3(a) ].
The other lateral edge mode resonance [peak around w 0.15p in Fig. 3(d) ], however, does not spoil the reflectance dip in Fig. 2 at w 0. 15p. This is understood considering that the transmittance T 12 T 21 is not affected in this case [red line in Fig. 3(d) ]. The altered parameters are the reflectance of the GRG plasmon R 21 where a dip appears [blue line in Fig. 3(d) ], and the slope of the phase φ r 21 [blue line in Fig. 3(b) ]. The latter influences the white line slopes in Fig. 2 for w < 0.15p.
Finally, we focus on the brutal changes of transmittance T 21 and reflectance R 21 when w∕p > 0.8 [ Fig. 3(d) ]. At the final value (w∕p 1), the grating becomes a graphene sheet, leading to the absence of an interface, thus total transmittance and zero reflectance. Therefore, in this range, the losses remain fairly constant, while reflectance and transmittance change very rapidly. This leads to a particular value of w∕p that achieves critical coupling (losses equal coupling), whereas the other values are under-or overcoupled. This explains the localized minima (tight blue spots in Fig. 2 ) in this regime, in contrast to the more extended FP resonances for w∕p < 0.8 (elongated blue minima zones). We conclude that plasmon reflectance at the edge of a graphene sheet is profoundly influenced by its shape. The examined ribbon grating case offers longitudinal and lateral edge-mode Fabry-Perot resonances that drastically decrease the reflection for particular ribbon length and width combinations, where it would have been nearly 100% for a nonstructured edge. The edge mode coupling is associated with phase changes, influencing the positions of the longitudinal cavity modes. Furthermore, the rapidly changing transmittance beyond such a resonance leads to particular points of critical and near-zero reflection. These results are useful for the design of nano-optical circuitry, sensors, and antennas that employ graphene plasmons.
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